It is generally assumed that, in Saccharomyces cerevisiae, immature 40S ribosomal subunits are not competent for translation initiation. Here, we show by different approaches that, in wild-type conditions, a portion of pre-40S particles (pre-SSU) associate with translating ribosomal complexes. When cytoplasmic 20S pre-rRNA processing is impaired, as in Rio1p-or Nob1p-depleted cells, a large part of pre-SSUs is associated with translating ribosomes complexes. Loading of pre-40S particles onto mRNAs presumably uses the canonical pathway as translation-initiation factors interact with 20S pre-rRNA. However, translation initiation is not required for 40S ribosomal subunit maturation. We also provide evidence suggesting that cytoplasmic 20S pre-rRNAs that associate with translating complexes are turned over by the no go decay (NGD) pathway, a process known to degrade mRNAs on which ribosomes are stalled. We propose that the cytoplasmic fate of 20S pre-rRNA is determined by the balance between pre-SSU processing kinetics and sensing of ribosome-like particles loaded onto mRNAs by the NGD machinery, which acts as an ultimate ribosome quality check point.
Introduction
Ribosomes, the universal protein synthesis machinery, are ribonucleoprotein particles formed by two different subunits, which, in eukaryotic cells, are synthesized through a complex pathway taking place mostly in the nucleus and involving numerous factors. This process has been extensively studied in the yeast Saccharomyces cerevisiae and its general pattern is conserved throughout eukaryotes (Fatica and Tollervey, 2002; Fromont-Racine et al, 2003; Zemp and Kutay, 2007; Henras et al, 2008) . Four different RNAs are found in eukaryotic ribosomes. Three of them, 5.8S and 25S rRNAs, which belong to the large ribosomal subunit (60S LSU), and 18S rRNA belonging to the small subunit (40S SSU), are produced by cleavage, trimming and modification of a common precursor (35S pre-rRNA in S. cerevisiae) synthesized by RNA polymerase I (Figure 1) . The fourth rRNA, 5S rRNA, is produced from a distinct transcript synthesized by RNA polymerase III. Almost all ribosomal subunit maturation/ assembly steps take place in the nucleus. The three rRNAs of the LSU are completely matured before its nuclear export, as opposed to 20S pre-rRNA, the immediate precursor of 18S rRNA, which is processed to 18S rRNA after pre-SSU export to the cytoplasm in which ribosomes accomplish their business: translation of the mRNAs into polypeptides. The SSU is a major player in the translation-initiation process. Once the cleavage at site D occurs, newly synthesized 40S ribosomal subunits can initiate translation by recruiting the eIF2-GTPmethionyl initiator tRNA ternary complex onto the SSU. This process is facilitated by initiation factors eIF3, eIF1 and eIF1A. The interaction between eIF3 and eIF4F, which binds the mRNA cap allows the loading of the 40S ribosomal subunit onto the mRNA. After a likely mRNA scanning by the SSU in search of the start codon, eIF5 promotes hydrolysis of GTP-eIF2 leaving the Met-tRNAi correctly positioned into the peptidyl (P) site of the SSU. At last, the 60S ribosomal subunit joins the 40S ribosomal subunit yielding an 80S ribosome capable of performing translation elongation (Hershey and Merrick, 2000; Hinnebusch, 2000; Pestova et al, 2001; Acker and Lorsch, 2008) .
In their seminal work, which established that 20S prerRNA is processed to 18S rRNA in the cytoplasm, Udem and Warner (1972) reported also that 20S pre-rRNA is absent from polysomes. This suggests that either pre-SSU is not functional in translation initiation, or somehow excluded from it, or that processing takes place very early after pre-SSU export from the nucleus, such that all subunits are matured before having the opportunity to engage in an initiation event. However, in more recent studies, 20S pre-rRNA co-sedimentation with polysomes in sedimentation gradients analyses was observed when 20S pre-rRNA amount was increased because of processing impairment (Ford et al, 1999; Jakovljevic et al, 2004; Ferreira-Cerca et al, 2005; Granneman et al, 2005; Lacombe et al, 2009 ). This suggests that, at least in these particular conditions, pre-SSUs can be recruited by the translationinitiation machinery. To date, a handful of factors have been implicated in cytoplasmic processing of 20S pre-rRNA. They can be classified in two groups: (1) non-ribosomal proteins and (2) proteins stably associated with the small ribosomal subunit of translating ribosomes (i.e. rpS proteins). Factors of the first class have been identified either genetically, such as Rio1p (Vanrobays et al, 2001) , by their homology with proteins involved in ribosome biogenesis, such as Rio2p (Vanrobays et al, 2003) or Tsr1p (Gelperin et al, 2001) , through complex purification and analysis, such as Nob1p (Gavin et al, 2002; Fatica et al, 2003; Schafer et al, 2003) , or genome-wide microarray analysis of RNA metabolism, such as Fap7p (Peng et al, 2003; Granneman et al, 2005) . Besides studies focused on specific proteins of the SSU such as rpS0 (Ford et al, 1999) , rpS21 (Tabb-Massey et al, 2003) , rpS14 (Jakovljevic et al, 2004) and rpS31/Ubi3p (Finley et al, 1989; Lacombe et al, 2009) in which defects of cytoplasmic 20S prerRNA processing were observed, a systematic analysis of the function of the SSU ribosomal proteins in 40S ribosomal subunit biogenesis has shown that lack of rpS20 blocks cytoplasmic processing of 20S pre-rRNA (Ferreira-Cerca et al, 2005) . Such pre-SSU defective maturation conditions commonly lead to an increase in 20S pre-rRNA amounts and a reduced production of mature 18S rRNA, but the extent of precursor accumulation is not equal to the 18S rRNA deficit indicating that cytoplasmic 20S pre-rRNA is unstable.
In this report, we analysed the fate of cytoplasmic 20S pre-rRNA. Our data strongly suggest that pre-40S subunits containing 20S pre-rRNA can complete translation initiation. We also took advantage of a hypomorphic viable allele of the essential gene RIO1 to analyse the factors determining 20S pre-rRNA stability. Finally, we suggest that the no go decay (NGD) RNA degradation pathway acts as an ultimate ribosome quality control mechanism.
Results
In our earlier work, we showed that RIO1 invalidation leads to a drastic impairment of 18S rRNA production because of a cytoplasmic 20S pre-rRNA processing defect (Vanrobays et al, 2001) . We report below our analysis of the fate of the cytoplasmically accumulated 20S pre-rRNA, and bring new insights into the dynamics of its processing and of ribosome quality control.
Cells depleted of Rio1p or Nob1p accumulate cytoplasmic 20S pre-rRNA in 80S fractions
We first used the TetO7-RIO1 strain in which expression of RIO1 can be turned off using the tetracycline analogue doxycycline. The molecular phenotype associated with RIO1 depletion is the same as the one already described for a Gal-RIO1 strain (Vanrobays et al, 2001 (Vanrobays et al, , 2003 : (1) 20S prerRNA strongly accumulates and 18S rRNA level drops (Figure 2A ), (2) in situ hybridization of an 18S rRNA-precursors specific probe (D-A2 fragment in Figure 1 ) leads to a strong cytoplasmic signal suggesting that pre-40S particles are exported and that cytoplasmic processing of 20S pre-rRNA is impaired ( Figure 2B ).
To determine the distribution of 40S and 60S ribosomal subunits into free subunits, 80S ribosomes and polysomes in TetO7-RIO1 cells depleted or not depleted of Rio1p, extracts from cells treated or not treated with doxycycline were fractionated on sucrose sedimentation gradients, and gradient fractions analysed for their RNA content by northern blotting ( Figure 2C ). Cycloheximide, an inhibitor of translation elongation, was added shortly before cell harvest and during cell extract preparation to stabilize the polysomes complexes. Mature 18S and 25S rRNAs from the control cells were mainly distributed in the 80S and polysome-containing fractions as expected for exponentially growing cells. About half of 20S pre-rRNA was found in 40S fractions, but the other half sedimented in 80S and polysome-containing fractions ( Figure 2C and F) . In Rio1p-depleted cells, as expected for a condition strongly affecting the SSU maturation process, 40S and polysomes contents strongly drop, and reciprocally, the amount of free 60S subunits strongly increases, correlating with a shift of the 25S rRNA to 60S fractions ( Figure 2D ). In this Rio1p-depleted condition, in which few polysomes are still present, most of the 20S pre-rRNA is found in the same fractions as 80S ribosomes (Figure 2D and F) . Note that the 18S/20S ratio is higher in polysome fractions than in 80S fractions (Supplementary Figure S1 ). Since depletion of Nob1p, the putative endonuclease involved in 20S pre-rRNA processing to 18S rRNA, also leads to a strong accumulation of cytoplasmic 20S pre-rRNA (Fatica et al, 2003 (Fatica et al, , 2004 , we tested whether a similar shift of 20S pre-rRNA sedimentation could be observed on Nob1p 
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5'ETS ITS1 ITS2 3'ETS Figure 1 Simplified scheme of 40S ribosomal subunits production in S. cerevisiae. rDNA transcription by RNA polymerase I in the nucleolus leads to 35S pre-rRNA. This transcript is processed sequentially at the A 0 , A 1 and A 2 sites yielding the 20S pre-rRNA. In a minor alternative pathway, the 35S pre-rRNA is first cleaved at A 3 , yielding the 23S pre-rRNA, which is then processed at A 0 , A 1 and A 2 to yield the 20S precursor (Gallagher et al, 2004) . 20S pre-rRNA is exported to the cytoplasm, in which it undergoes endonucleolytic cleavage at site D, generating mature 18S rRNA contained in the 40S small subunit. Then, the small ribosomal subunit can initiate translation by binding and scanning mRNAs with the help of translation-initiation factors. The names of the pre-ribosomal particles in which these pre-rRNA intermediates are embedded are also indicated.
depletion. We used a Gal-HA-NOB1 strain in which NOB1 expression can be switched off by growing cells in glucosecontaining medium. As observed in Rio1p-depleted cells, the 20S pre-rRNA, which accumulates in Nob1p-depleted cells mainly co-sediments with 80S complexes ( Figure 3A) . Altogether, these data suggest that, in Rio1p-and Nob1p-depleted cells, pre-40S particles that accumulate are incorporated into 80S complexes that may be ribosome-like particles. Moreover, even in exponentially growing cells, a fraction of 20S pre-rRNA sediments in 80S and polysome-containing fractions suggesting that this process also exists in normal cells, but is exacerbated when the last steps of 40S subunit maturation are impaired.
Pre-40S particles can be contained in polysomes
In an exponentially growing TetO7-RIO1 strain expressing Rio1p, about a quarter of 20S pre-rRNA sediments in polysome-containing fractions which suggests that pre-40S particles could be engaged in polysomes. This hypothesis was tested by omitting addition of cycloheximide before cell harvest and during cell extract preparation, thus allowing translating ribosomes to complete the ongoing elongation process. Omission of cycloheximide leads to a decrease in the amount of polysomes and to an increase in 80S run-off ribosomes ( Figure 2E ). Under these conditions, the fraction of 20S pre-rRNA contained in polysome fractions significantly dropped suggesting that the 20S pre-rRNA sedimenting in polysome fractions in Figure 2C is indeed associated with polysomes ( Figure 2E and F). 20S pre-rRNA is generated by an early cleavage in the nucleolus (Figure 1 ). To confirm that the 20S pre-rRNA found in polysome-containing fractions is not nucleolar 20S pre-rRNA, we examined the distribution of nucleolar markers across the sedimentation gradients; these include 35S and 27S pre-rRNAs as well as Nop1p and Nhp2p, two core proteins of C/D and H/ACA snoRNPs, respectively (Supplementary Figure S2A) . Omission of cycloheximide does not modify the sedimentation pattern of these markers suggesting that 20S pre-rRNA molecules that relocalize to 80S fractions in ribosome run-off conditions correspond to cytoplasmic pre-40S particles. This was further confirmed by fractionating a TetO7-RIO1 cellular extract into nuclear and cytoplasmic fractions and analysing their pre-rRNAs content (Supplementary Figure S2B) . Assuming that 27S pre-rRNA distribution reflects the spill over of nucleoplasmic material into the cytoplasmic fraction (roughly 50% of 27S pre-rRNA is recovered in the 'cytoplasmic' fraction), a small part of 20S pre-rRNA found in the cytoplasmic fraction could in fact originate from the nucleus. Since about 11% of total 20S pre-rRNA is found in the nuclear fraction, this means that actual nuclear 20S pre-rRNA amounts to 22% of total 20S pre-rRNA. Thus, most 20S pre-rRNA (78% of cellular 20S pre-rRNA) is indeed located in the cytoplasm. As half of total 20S pre-rRNA sediments in 80S and polysome fractions at the very least, assuming that all nuclear 20S pre-rRNA sediments in these fractions, still more than half of 20S molecules sedimenting in 80S polysomes fractions should be cytoplasmic 20S pre-rRNA. Thus, pre-40S particles can be contained in polysomes. Two models could explain the occurrence of immature 40S ribosomal subunits in polysomes. First, pre-40S particles could be engaged in translation initiation and so be associated with mRNAs upstream of translating ribosomes; second, pre-40S particles could have completed translation initiation and so associate with 60S ribosomal subunits and mRNAs upstream of translating ribosomes. The fact that, in the absence of cycloheximide, the 20S pre-rRNA contained in polysomes mainly relocalizes to 80S fractions and not to 40S fractions strongly suggests that polysomal pre-40S particles have completed translation initiation up to 60S ribosomal subunit recruitment ( Figure 2E and F). These results suggest that pre-40S particles have the ability to complete translation initiation before their final maturation. If so, non-ribosomal factors required for cytoplasmic pre-40S particle maturation should be found co-sedimenting with polysomes. We assessed the sedimentation profile of Nob1p, the putative endonuclease required for 20S pre-rRNA processing (Fatica et al, 2003 (Fatica et al, , 2004 . We used a strain expressing a TAP-tagged version of Nob1p in a TetO7-RIO1 genetic background. Under conditions in which polysomes are freezed by addition of cycloheximide, Nob1p co-sediments mainly with 40S complexes, but a fraction also co-sediments with polysome-containing fractions as already observed (Fatica et al, 2003) ( Figure 3B ). This fraction is almost completely lost in polysome run-off conditions. Thus, the putative endonuclease Nob1p, which is specific to late pre-40S particles can interact with polysomes.
Pre-40S particles associate with 60S subunits in mRNA containing ribosome-like particles
Occurrence of 20S pre-rRNA in polysomes and persistence of 20S pre-rRNA sedimenting in ribosome fractions under runoff conditions suggest that pre-40S particles themselves interact with 60S ribosomal subunits. Moreover, in cells accumulating cytoplasmic 20S pre-rRNA, pre-40S particles, which sediment in 80S fractions, may form ribosome-like particles containing a pre-40S particle and a 60S ribosomal subunit. Thus, we tested whether immunoprecipitation (IP) of 60S subunit ribosomal proteins (rpL) would result in co-IP of some 20S pre-rRNA. TAP-tagged versions of rpL25 and rpL24a were used as baits in a TetO7-RIO1 genetic background. As expected, rpL25-TAP and rpL24a-TAP sediment in 60S, 80S and polysome-containing fractions suggesting that these proteins are fully functional (Supplementary Figure S3) . The rpL25, an early ribosomal protein, associates with pre-60S particles in the nucleus, whereas rpL24a is proposed to join pre-60S particles in the cytoplasm (Kruiswijk et al, 1978; van Beekvelt et al, 2000; Saveanu et al, 2003) . The rpL25-TAP and rpL24a-TAP were precipitated from total cellular extracts using IgG sepharose, and coimmunoprecipitated RNAs were extracted and analysed by northern blotting ( Figure 4A ). As expected for ribosomal proteins, we found that mature 25S and 18S rRNAs were co-immunoprecipitated with rpL25-TAP and rpL24a-TAP. Moreover the relatively abundant actin encoding ACT1 mRNA was immunoprecipitated as well, with an efficiency above the background levels observed in the untagged strain and similar to the IP efficiency of mature rRNAs suggesting that ribosomes engaged in translation are immunoprecipitated (Supplementary Figure S4) . The near absence of tRNA in the immunoprecipitate (data not shown), and IP efficiencies of U2, an snRNA involved in splicing, and of 23S rRNA, a 5 0 and 3 0 extended nuclear precursor of 18S (Figure 1 ), which are clearly much lower with both baits, indicate that IPs of mature rRNAs and ACT1 mRNA were specific. We found that 20S pre-rRNA co-immunoprecipitates with both rpL-TAP proteins with efficiencies similar to those of mature rRNAs and ACT1 mRNA. Moreover, the amount of immunoprecipitated 20S pre-rRNA increases when pre-40S particles accumulate in the cytoplasm in Rio1p-depleted cells. Altogether, these results suggest that in exponentially growing cells, part of pre-40S particles interact with 60S subunits in ribosomelike particles and that, under conditions leading to cytoplasmic 20S pre-rRNA accumulation, most pre-40S particles are incorporated into ribosome-like particles.
As in the TetO7-RIO1 strain expressing Rio1p, about half of 20S pre-rRNA molecules are contained in ribosomes or polysomes, pre-40S particles should interact with mRNAs. Moreover, in Rio1p-depleted conditions, pre-40S particles mainly accumulate in cytoplasmic 80S ribosome-like particles that may contain mRNAs. To assess more directly a possible interaction between mRNAs and pre-40S particles, we tested whether IP of TAP-tagged Pab1p, the poly-A-binding protein interacting with polyadenylated mRNAs, could co-immunoprecipitate 20S pre-rRNA. As shown in Figure 4A , 20S pre-rRNA is co-immunoprecipitated with Pab1p-TAP just as mature 25S and 18S rRNAs and ACT1 mRNA are (Supplementary Figure S4) . On the contrary, U2 snRNA and 23S pre-rRNA do not co-immunoprecipitate with Pab1p-TAP. These results suggest that pre-40S particles and mRNAs can be contained in the same complex. Association of pre-40S particles with mRNAs was also investigated in late pre-40S particles IP experiments ( Figure 4B ). As mentioned above, Nob1p is a factor contained in late pre-40S subunits and the putative endonuclease processing 20S pre-rRNA to 18S rRNA. Nob1p-TAP was immunoprecipitated using IgG-sepharose beads, and RNA pull down analysed for the presence of mRNAs. Three relatively abundant mRNAs were studied: rpS14, Act1 and Pgk1. As Nob1p is a poorly abundant protein, contrarily to Pab1p, enrichment for these mRNAs in the immunoprecipitates was assayed through RT-PCR rather than using northern blotting. Clear enrichment in mRNAs content is observed in the IgG-sepharose beads immunoprecipitate compared with the control corresponding to incubation of the same extracts with sepharose beads. No U2 snRNA enrichment is observed in these conditions, validating the specificity of the interaction between Nob1p and mRNAs. Moreover, 20S pre-rRNA is clearly enriched in the immunoprecipitate, whereas 18S is not suggesting that Nob1p-TAP immunoprecipitated mRNAs co-immunoprecipitate with 20S pre-rRNA molecules.
In Rio1p-depleted cells, most 20S pre-rRNA accumulates in 80S ribosome-like particles, which may be composed of two subpopulations similar to 80S ribosomes: free 80S ribosomelike particles that do not contain mRNAs and 80S ribosomelike particles that have completed translation initiation and so are bound to mRNAs. It is assumed that free 80S ribosomes are dissociated under high-salt conditions, whereas mRNAassociated 80S ribosomes are not (Martin and Hartwell, 1970; Decatur et al, 2007) . To determine to what extent 80S ribosome-like particles are associated with mRNAs, cell extracts from TetO7-RIO1 cells grown in the presence or in absence of doxycycline were spun through high-salt sucrose gradients and the sedimentation properties of 20S pre-rRNA analysed. As shown in Figure 4C and D, 20S pre-rRNA sedimentation pattern is quite similar in high-salt or in low-salt conditions. Notably, the amount of pre-40S particles co-sedimenting with polysomes is not modified in high-salt conditions, suggesting that these particles indeed are associated to polysomes. Furthermore, the same results are observed whether cells are Rio1p depleted or not, indicating that in both conditions most, if not all, 20S pre-rRNA molecules contained in 80S ribosomes belong to mRNA-associated ribosome-like particles.
These data indicate that in exponentially growing cells, a fraction of pre-40S particles is contained in ribosome-like particles that are associated with mRNAs. This fraction becomes the major one when cytoplasmic pre-40S particles accumulate.
Translation initiation factors Tif11p, Rpg1p and Prt1p interact with 20S pre-rRNA
The results reported above suggest that pre-40S particles can be associated with 60S ribosomal subunits and mRNA. Such immature 40S ribosomal subunits would have completed translation initiation, indicating that pre-40S particles are able to initiate translation. If pre-40S particles initiate translation through the same pathway as mature 40S subunits do, they must interact with canonical translation-initiation factors. Thus, we assessed whether 20S pre-rRNA can be co-immunoprecipitated with Rpg1p and Prt1p, two factors belonging to the eIF3 complex, or Tif11p, the eIF1A orthologue. Rli1p, a putative ATPase implicated in translation initiation and ribosome biogenesis, was used as a positive control, as it interacts with eIF5 as well as with eIF2 and eIF3 subunits, and also with 20S pre-rRNA (Dong et al, 2004; Kispal et al, 2005; Yarunin et al, 2005) . Total cellular extracts of strains expressing TAP-tagged version of Tif11p, Prt1p and Rpg1p were used in IP assays ( Figure 5A ). In this set of experiments, IPs were performed according to the method used in the study describing the Rli1p interaction with 20S pre-rRNA (Yarunin et al, 2005) . Compared with the untagged strain, 18S rRNA and 25S rRNA were enriched in the IP material especially in Prt1p-TAP and Rpg1p-TAP IPs assays. Moreover, and as expected, as these factors mainly co-sediment with 40S particles in sedimentation assays, 18S rRNA enrichment was higher than that of 25S rRNA (Phan et al, 2001; Valásek et al, 2001a; Dong et al, 2004) . Finally, clear co-IP of 20S pre-rRNA with these TAP-tagged proteins is observed, particulary in the case of Prt1-TAP and Rpg1p-TAP IPs. Nuclear rRNA precursors such as 35S and 23S were not immunoprecipitated suggesting a specific interaction Figure 4 Pre-40S particles can associate with 60S ribosomal subunits and mRNAs. (A) IP experiments were carried out using IgG-sepharose and total cellular extracts from the parental strain lacking a tagged protein (TetO7-RIO1, lanes 1, 2, 3 and 4) or from strains expressing either rpl25-TAP (TetO7-RIO1 RPL25-TAP, lanes 5, 6, 7, 8), rpl24a-TAP (TetO7-RIO1 RPL24a-TAP, lanes 9, 10, 11, 12) or Pab1-TAP (TetO7-RIO1 PAB1-TAP, lanes 13, 14, 15, 16) treated or not with doxycycline (DOX) for 16 h. RNAs were extracted from the pellets obtained after precipitation (IP) or from an amount of cellular extract corresponding to 1/50 of that used for IP (T), and analyzed by northern blotting as described in Figure 2A. (B) IP of Nob1-TAP performed with a TetO7-RIO1 NOB1-TAP cell extract using only sepharose beads (beads) or IgG coupled to sepharose beads (IgG-beads). Co-immunoprecipitated RNAs were reverse transcribed and then rpS14, Pgk1 and Act1 mRNAs and U2 snRNA were PCR amplified (RT þ beads and RT þ IgG-beads). Genomic DNA contamination was evaluated by direct PCR amplification on the material extracted from the pellet, the reverse transcription step being omitted (RT À beads and RT À IgG-beads). Co-IP of 20S pre-rRNA was assayed by northern blotting. (C) Cell extracts of a TetO7-RIO1 strain treated or not with doxycycline for 16 h were prepared using high salt containing buffer and subjected to high-salt sucrose gradient sedimentation. RNA content of each fraction was analyzed as in Figure 2C between these initiation factors and 20S pre-rRNA. Thus, translation-initiation factors interact with pre-40S particles suggesting that immature 40S ribosomal subunits, which engage in translation initiation do so through the canonical initiation pathway. We also investigated whether depletion of initiation factors may affect 20S pre-rRNA processing. Mature rRNA production and 20S pre-rRNA processing were followed after addition of doxycycline to the growth medium of strains expressing Tet-regulated translation-initiation factors, namely Tif11p, Prt1p and Rpg1p. As expected, depletion of these factors led to a translation-initiation defect, itself resulting in a decreased amount of polysomes and an increase in 80S ribosomes (Supplementary Figure S5) : polysome-engaged ribosomes terminate translation, disengage from mRNAs and accumulate as vacant 80S couples. Clearly, depletion of these factors did not affect either 20S pre-rRNA processing or mature rRNAs synthesis ( Figure 5B ). Other authors have already reported that depletion for translation-initiation factors does not significantly affect pre-rRNA processing (Senger et al, 2001; Yarunin et al, 2005) . However, this is not an absolute rule, as depletion or inactivation of eIF3j/Hcr1, a non-essential factor, leads to a delay in the maturation process affecting 25S and 18S rRNAs synthesis, a small reduction in SSU steady state level and ribosomal subunits nuclear export defect (Valásek et al, 2001b; Yarunin et al, 2005) . These results indicate that 20S pre-rRNA processing can take place independently from translation initiation.
NGD is implicated in the degradation of ribosome-like particles
As pre-40S particles can engage in translation initiation, a fraction of Rio1p may interact with polysomes just as Nob1p does. To determine the sedimentation pattern of Rio1p, we constructed an RIO1-TAP strain. Strikingly, this RIO1-TAP strain exhibits a clear growth defect compared with the non-tagged isogenic strain ( Figure 6A ). This mutant phenotype is certainly due to the presence of the tag, which somehow impairs Rio1p-TAP functionality. Interestingly, in the RIO1-TAP strain, 18S rRNA production is reduced and 20S pre-rRNA levels are increased compared with its untagged counterpart ( Figure 6D ). Moreover, in situ hybridization of a probe complementary to the ITS1 produces a cytoplasmic signal in the RIO1-TAP strain, whereas in the RIO1 strain, a predominant nucleolar staining is observed ( Figure 6B) . Thus, the growth defect of the RIO1-TAP strain may be the consequence of a marked 20S pre-rRNA processing delay making that strain sick, but still viable. As shown in Figure 6C , free 60S subunits accumulate in RIO1-TAP cells in accordance with the observed 20S pre-rRNA processing defect. As expected, a fraction of Rio1p-TAP sediments in polysome-containing fractions and this localization is dependent on the presence of cycloheximide. Thus, Rio1p-TAP interacts with polysomes. As the 20S pre-rRNA accumulates in the cytoplasm, the main part of 20S pre-rRNA is expected to be found in 80S ribosome-like particles, which is indeed the case, cycloheximide being present or not ( Figure 6C ). Moreover, in this strain, the fraction of 20S pre-rRNA contained in polysomes is cycloheximide dependent in the same way as observed in the untagged strain. Altogether, these data indicate that the RIO1-TAP strain behaves as a viable mimic of Rio1p-depleted cells.
Strikingly, in RIO1-TAP cells, as in Rio1p-depleted cells, the amount of 20S pre-rRNA accumulated does not correspond to the 18S deficit relative to 25S rRNA (Figures 2A and  6D) showing that, although in these cells part of 20S prerRNA is matured into 18S rRNA, a large part of it is unstable. As most 20S pre-rRNA accumulates in 80S fractions when cytoplasmic maturation of 40S ribosomal subunits is impaired, ribosome-like particles may not be competent for (A) IP experiments were carried out using IgG-sepharose beads. Aliquots of precipitated RNAs (IP and lanes 2, 4, 6, 8 and 10) and 1/80 of the corresponding amount of total RNAs from the input extract (T and lanes 1, 3, 5, 7 and 9) were submitted to denaturing 1.2% agarose gel electrophoresis and transferred to nylon membranes. Northern blotting was performed as in Figure 1A. (B) Total RNAs were submitted to northern blot analysis after separation by electrophoresis through a 1.2% agarose denaturing gel. Quantifications of 18S/25S were performed by analysis of the ethidium bromide staining by Quantity One Analysis software (Bio-Rad). h: hours, DOX: doxycycline.
translation elongation, or not fully processive for it. Consequently, on a given mRNA molecule, translating ribosomes downstream from a ribosome-like particle will complete their translation round, but the presence of this stalled inactive or poorly active ribosome-like particle will prevent mature ribosomes from initiating new translation runs. Interestingly, the NGD is a mechanism in which ribosome stalling on mRNA leads to the degradation of the mRNA (Doma and Parker, 2006; Tollervey, 2006) . The molecular basis for this degradation remains elusive, although two factors showing homology with translation termination factors eRF1 and eRF3, Dom34p and Hbs1p, respectively, involved in this process have been identified (Doma and Parker, 2006) . Assuming that ribosome-like particles do not enter translation elongation or have a low processivity in it, which may cause them to stall on the mRNA, we investigated whether the NGD pathway influences the stability of 20S pre-rRNA contained in those ribosome-like particles. Thus, we assayed the effects of DOM34 or HBS1 invalidation on the growth properties of the RIO1-TAP strain and 20S pre-rRNA . A 254 nm profiles were recorded. Rio1p-TAP protein content in each fraction was determined by western blotting and quantified using LAS-4000 and Multi gauge software (Fujifilm). RNA content in each fraction from the gradient was determined by northern blotting using a probe complementary to the D-A2 segment of the ITS1. Standard deviations from three independent experiments are indicated. (D) Total RNAs were extracted and separated by denaturing 1.2% agarose gel electrophoresis and transferred to nylon membranes. Specific RNAs were detected by hybridization with antisense oligonucleotide probes. Quantifications of 18S/25S ratio and (18S þ 20S)/25S ratios were performed as in Figure 2A and expressed in arbitrary units (AU), RIO1 strain taken as a reference. accumulation in these cells. As shown in Figure 6A , NGD inactivation suppresses at least partially the growth defect associated with the RIO1-TAP allele. At the same time, 20S pre-rRNA processing is restored to wild-type levels in RIO1-TAP hbs1D cells or greatly improved in the case of RIO1-TAP dom34D ( Figure 6D ). This suggests that in the RIO1-TAP context, NGD inactivation allows more 20S pre-rRNA molecules to be processed possibly because of an increase of the amount of 20S pre-rRNA available to the poorly efficient processing machinery of the RIO1-TAP strain, and thus to an increased processing speed. In an NGD inactivation context, Rio1p-TAP level is not modified (Supplementary Figure S6) , showing that restoration of the 20S pre-rRNA processing is not attributable to a direct Rio1-TAP mRNA stabilization, or an increase of the amount of Rio1p-TAP in these NGD deficient conditions. However, we cannot exclude that the observed phenotype could be an indirect consequence of NGD inactivation leading to increased 20S pre-rRNA processing efficiency.
Discussion
In the yeast S. cerevisiae, final maturation of the small ribosomal subunit, which requires processing of the 3 0 end of 20S pre-rRNA at site D, occurs in the cytoplasm (Fatica and Tollervey, 2002; Fromont-Racine et al, 2003; Zemp and Kutay, 2007; Henras et al, 2008) . From the seminal work of Udem and Warner (1972) , it is assumed that pre-40S particles are not competent for translation initiation, or at least do not complete translation initiation, as in sedimentation gradients analyses no 20S pre-rRNA was found in polysomes. Thus, processing of 20S pre-rRNA has to take place before completion of translation initiation. It has to be mentioned that these studies did not report the rRNA composition of the ribosome fractions.
Immature small ribosomal subunits may complete translation initiation
In this work, we show that part of 20S pre-rRNA is associated with translating ribosomes and polysomes. We observed that roughly half of 20S pre-rRNA sediments in ribosome and polysome fractions. In ribosome run-off conditions, the amount of polysomes drastically decreases and the 20S prerRNA initially associated with the polysome fractions relocates to ribosome fractions in the same way as mature 18S and 25S rRNA do. Furthermore, the sedimentation pattern of 20S pre-rRNA is not modified under conditions that dissociate free 80S couples ( Figure 4D ) indicating that 20S pre-rRNA is indeed associated to translating complexes. Presence of pre-SSUs in translating complexes is further supported by the co-IP of 20S pre-rRNA with ribosomal proteins of the large subunit as well as with Pab1p. Furthermore, we show that mRNAs are co-immunoprecipitated with the late pre-SSU processing factor Nob1p. Altogether, these data show that, even in exponentially growing cells, part of the synthesized pre-SSUs complete translation initiation. On depletion of pre-SSU processing factors, namely Rio1p and Nob1p, immature SSUs accumulate in the cytoplasm, and again a large part of this material is found in ribosome and polysome fractions (70% in Rio1p-depleted cells, 85% in Nob1p-depleted cells). Altogether, these data suggest that in these conditions, a large part of immature SSU is associated with translating complexes. Moreover, the fact that in polysome run-off conditions, these immature SSUs still sediment with 80S complexes indicate that these pre-40S particles are associated with 60S ribosomal subunits. This strongly suggests that pre-40S particles can complete translation initiation.
In wild-type conditions, at least half of pre-SSUs are matured before completion of translation initiation. As mentioned above, in the pioneering work of the early days of yeast ribosome processing studies (Udem and Warner, 1972) , all pre-SSUs were processed before completion of initiation, as no 20S pre-rRNA was found in polysomes. This discrepancy can be attributed to (1) the methodology, as in these studies freshly synthesized 20S pre-rRNAs were followed, whereas we analysed all 20S pre-rRNAs (although the halflife of this processing intermediate being quite short, most of this pre-rRNA should correspond to recently synthesized molecules); (2) growth conditions: spheroplasts incubated in minimal medium versus cells grown in complete medium and (3) differences in the genetic backgrounds of the strains used in these works, which implies that our strains (BY 4741/ 4742 background) possess a low efficiency 20S pre-rRNA processing machinery. In similar experiments realized with S288C wild-type strain, much less 20S pre-rRNA sediments in the ribosome (6%) and polysome (7%) fractions (data not shown). Such amounts would have been barely detectable using Udem's and Warner's protocols.
Presence of 20S pre-rRNA in ribosome-polysome fractions of sedimentation gradients is also observed on depletion of rpS0 or Fap7p, or when C-terminal mutants of Rps14p or truncated alleles of RPS31/UBI3 are expressed (Ford et al, 1999; Jakovljevic et al, 2004; Ferreira-Cerca et al, 2005; Granneman et al, 2005; Lacombe et al, 2009) . Under all these conditions, a strong cytoplasmic accumulation of 20S pre-rRNA is observed. Thus, association of immature SSUs to translating complexes is not specific to the depletion of 'late' processing factors such as Rio1p and Nob1p. However, as mentioned above and elsewhere (Ford et al, 1999) , the higher 18S rRNA/20S pre-rRNA ratio observed in the polysomes fractions compared with 80S fractions (Supplementary Figure  S1) suggests that ribosome-like particles are poorly efficient in translation elongation, if at all.
The fact that pre-SSUs can engage in initiation of translation is further supported by our observations that (1) 20S pre-rRNA co-immunoprecipitates with tagged translation-initiation factors and (2) mRNAs co-immunoprecipitate with Nob1p. Furthermore, Prt1p, Rpg1p, Tif35p and Nip1p subunits of eIF3 translation-initiation factor, Rli1p, a substeochiometric component of eIF3, as well as Sui3p, an eIF2 component, and Tif5p, the translation-initiation factor eIF5, were identified in mass-spectrometry analysis of proteins, which co-purify with Rio1p-TAP (data not shown). These data suggest that pre-40S particles, which would engage in translation initiation would do so through the canonical mechanism. Although depletion of the translation-initiation factors Tif11p, Prt1p or Rpg1p lead to an increase of free ribosomes, it does not impair ribosomal subunit maturation, and levels of 20S pre-rRNA are not affected under such conditions, showing that pre-SSU processing can take place normally in the absence of translation initiation.
To summarize, from our data we can conclude that (1) pre-SSU processing does not require a functional translation-initiation machinery, (2) immature 40S ribosomal subunits can complete translation initiation, thus pre-SSU maturation and translation initiation are functionally independent processes.
NGD pathway acts as a ribosome quality check point
Association of rRNA precursors with polysomes has been reported in the mold Dictyostelium discoideum (Mangiarotti et al, 1997) . In this organism, translation elongation is required for complete rRNA maturation, suggesting that a late quality control mechanism validates correct ribosome assembly and/or efficient translation elongation.
As mentioned above, in cells defective for late pre-SSU maturation, 20S pre-rRNA accumulates in the cytoplasm. Although 20S pre-rRNA originates from the same transcripts as 25S rRNA, the amount of accumulated 20S pre-rRNA is much lower than what would be expected from the deficit in 18S rRNA, as shown by the large excess of 25S rRNA over (20S þ 18S) RNAs observed in these cells (Ford et al, 1999; Jakovljevic et al, 2004; Ferreira-Cerca et al, 2005; Granneman et al, 2005; Lacombe et al, 2009 ). This implies that under these conditions, most 20S pre-rRNA is degraded by an unknown mechanism. To date, the non-functional rRNA decay (NRD) pathway is the only cytoplasmic rRNA degradation process identified in exponentially growing yeast cells (LaRiviere et al, 2006) . The molecular basis of this mechanism, which eliminates 25S rRNA molecules defective in peptide bond formation as well as 18S rRNAs impaired in tRNA/mRNA base pairing is unknown. Besides this mechanism eliminating translation defective ribosomes, the NGD pathway acts on mRNAs on which translating ribosomes are stalled (Doma and Parker, 2006) . Whether this process directs only the mRNAs to degradation or is also active towards stalled ribosomes has not been addressed. The RIO1-TAP allele behaves as a viable mimic of a 20S pre-rRNA processing mutant: it accumulates cytoplasmic 20S pre-rRNA, the majority of which is associated with ribosomes polysomes (Figure 6B and C). Our data show that NGD pathway inactivation effectively suppresses the growth defect of the RIO1-TAP strain, and at the same time partially (RIO1-TAP dom34D strain) or completely (RIO1-TAP hbs1D strain) restores 20S pre-rRNA processing and 18S rRNA synthesis. Thus, the poorly active Rio1p produced by the leaky RIO1-TAP allele leads to slow processing of 20S prerRNA, the amount of 18S rRNA produced still permitting cell growth, although at slow pace. Depletion of NGD components by extending 20S pre-rRNA half-life and diverting part of 20S pre-rRNA to the processing pathway allows an increased production of mature 18S rRNA and correlatively improves cell fitness. This suggests that the half-life of translating ribosome-associated 20S pre-rRNA is determined by a balance between processing to 18S rRNA and degradation triggered by its detection as stalled 'ribosome' by the NGD pathway. In NGD deficient cells, not only is 18S synthesis restored, but also 20S accumulation is decreased, suggesting that 20S pre-rRNA processing kinetics is improved in these conditions. This improvement could be simply attributable to the increased amount of 20S substrate available for the processing machinery, or an indirect effect of NGD inactivation on the intrinsic activity of processing factors. As NGD acts onto stalled translation elongation complexes, these results show that (1) ribosome-polysomeassociated pre-SSUs can be processed to mature ribosomal subunits, (2) pre-SSUs are poorly, or not at all, able to participate in translation elongation, (3) NRD and NGD pathways could be one and the same mechanism, or at least share some molecular components that similarly to the unknown mechanism at work in D. discoideum acts as an ultimate ribosome quality check point (Figure 7) .
In HeLa cells, just as in S. cerevisiae, the last step of SSU maturation occurs in the cytoplasm by cleavage of the 18S-E pre-rRNA, the 18S rRNA direct precursor. This cleavage involves RioK2, the human orthologue of Rio2p (Vanrobays et al, 2003; Rouquette et al, 2005) . Interestingly, when RioK2 is depleted through RNA interference, 18S-E pre-rRNA can be detected in 80S and polysome-containing fractions just as in 
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Translation elongation? Figure 7 Cytoplasmic fate of 20S pre-rRNA. Once exported from the nucleus, pre-40S particles can be matured before translation initiation, but are also competent for translation initiation using the same translation-initiation machinery as mature 40S ribosomal subunits. After completing translation initiation, pre-40S particles are either processed to mature 40S ribosomal subunits or sensed as stalled ribosomallike particles and degraded through the NGD pathway.
Rio1p-or Nob1p-depleted yeast cells (Rouquette et al, 2005) . Thus, it is very tempting to propose that the new pathway described in our study has been conserved throughout evolution.
While this work was under revision, Cole and collaborators (Cole et al, 2009) reported that translation inactive mutant 18S rRNAs elimination by the NRD pathway (LaRivière et al, 2006) involves factors acting in the NGD pathway. Thus, as suggested above, NRD and NGD share molecular components.
Materials and methods

Yeast strains and microbiological methods
For strains used and details of construction, see Supplementary  Table S1 . S. cerevisiae strains were grown either in YP medium (1% yeast extract, 1% peptone) supplemented with 2% galactose or 2% glucose as the carbon source, or in YNB medium (0.17% yeast nitrogen base, 0.5% (NH 4 ) 2 SO 4 ) supplemented with 2% galactose or 2% glucose and the required amino acids and bases. When required, G418 and Doxycycline were added at 0.2 mg/ml and 30 mg/ml final concentrations, respectively.
Total RNA extractions and northern hybridizations RNA extractions were performed by vortexing cells with glass beads in the presence of Trizol (Invitrogen). Electrophoreses of glyoxylated RNAs through agarose gels were performed as reported (Sambrook and Russell, 2001 ). Pre-rRNA precursors, mature rRNAs, actin mRNA and U2 snRNA analyses by northern hybridization were carried out by use of 32 P-labelled oligodeoxynucleotide probes. Sequences of antisense oligonucleotides used to detect these RNAs have been reported earlier (Henras et al, 1998; Lebaron et al, 2005) . Blots were hybridized with 5 0 end-labelled oligonucleotide probes using Rapid Hyb Buffer (GE Healthcare).
Fluorescence in situ hybridization and immunofluorescence microscopy Pre-rRNAs were localized by FISH as described with the following oligonucleotidic probe: TT * GCACAGAAATCTC T * CACCGTTTGGAAT * AGC AAGAAAGAAACT * TACAAGCT * T (ITS1 probe), in which T * represents amino-modified deoxythymidine conjugated to Cy3. DNA was counterstained with Hoechst 33258. Images were captured with a CoolSnap colour CCD camera (Photometrics) mounted on a DMRB microscope (Leica) and processed with Metamorph software version 6 (Universal Imaging).
Polysome analysis and sucrose gradient fractionation
For polysome analysis, yeast cells grown in 500 ml YPD to OD 600 ¼ 0.6-0.9 and treated with 100 mg/ml cycloheximide for 10 min were harvested by centrifugation, washed in 10 ml ice-cold buffer K (20 mM Tris-HCl at pH 7.5, 50 mM KCl, 10 mM MgCl 2 ) or buffer K 800 (20 mM Tris-HCl at pH 7.5, 800 mM KCl, 10 mM MgCl 2 ) containing 100 mg/ml cycloheximide. The cell pellet was recovered in a onefold-packed cell volume of buffer K or buffer K 800 containing the same concentration of cycloheximide plus 0.1 unit/ml RNasin (Promega), protease inhibitors (Roche) and 1 mM DTT. For the polysome run-off experiments, cycloheximide was omitted. Whole cell extracts (WCE) were prepared by homogenizing the washed cells by vortexing with glass beads. Lysates were cleared briefly at 9300 g for 5 min followed by a 10 min 9300 g centrifugation (Eppendorf 5415D) to give the final WCEs. Between 20 and 30 A 260 units of WCEs were layered on 4.5-45% sucrose gradient prepared in buffer K or buffer K 800 and centrifuged for 2.5 h at 39 000 r.p.m. in a Beckman SW41 rotor. Positions of ribosomal species in the gradient were determined by A 254 scanning with the ISCO UA-6 gradient fraction collector. Fractions of 500 ml were collected. A total of 150 ml of each fraction were precipitated with trichloroacetic acid, and protein content analysed by electrophoresis in 4-20 or 8% pre-cast polyacrylamide-sodium dodecyl sulphate gels (Invitrogen) and western blotting. TAP-tagged proteins and Nop1p were detected as described (Dez et al, 2002) . Nhp2p was detected as described (Henras et al, 2001) . For RNA analysis, 200 ml of 4 M guanidinium isothiocyanate solution, 2 ml of glycogen solution, 150 ml of a 100 mM NaAc (pH 5), 10 mM Tris-HCl (pH 8.0), 1 mM EDTA solution, 225 ml of phenol and 225 ml of chloroform were added to 150 ml of every fraction. The samples were thoroughly mixed, incubated 5 min at 651C and centrifuged 5 min at 16 000 g at 41C. A total of 350 ml of the aqueous phase were then precipitated with ethanol.
rpL25p-TAP, rpL24ap-TAP, Pab1p-TAP and Nob1p-TAP IPs To preserve polysomes, IP conditions were adapted from an already described method (Inada et al, 2002) . Yeast cells, grown to OD 600 ¼ 0.6-0.9 in 500 ml YPD and treated with 100 mg/ml cycloheximide for 10 min, were harvested by centrifugation, washed in 10 ml lysis buffer (20 mM HEPES at pH 7.4, 2 mM Mg(OAc) 2 , 100 mM KOAc, 100 mg/ml cycloheximide, 0.5 mM DTT) and resuspended in a onefold-packed cell volume of lysis buffer containing 0.1 unit/ml RNasin (Promega) and protease inhibitors (Roche). WCE were prepared as described above. A total of 25 A 260 units of extracts were mixed with an equal volume of 2X-binding buffer (100 mM Tris-HCl at pH 7.5, 24 mM Mg(OAc) 2 , 1 mM DTT, 0.1 unit/ ml RNasin (Promega) and protease inhibitors (Roche)) and 50 ml (bead volume) of Sepharose 6 Fast Flow (GE Healthcare) or IgGSepharose 6 Fast Flow (GE Healthcare). IP was performed at 41C for 2 h on a shaking table. Beads were then washed five times with 0.8 ml of IXA-100 buffer (50 mM Tris-HCl at pH 7.5, 100 mM KCl, 12 mM Mg(OAc) 2 , 1 mM DTT). RNAs associated with beads were extracted as reported earlier (Lebaron et al, 2005) . For Nob1-TAP IP, extracted RNAs were reverse transcribed using the Superscript II reverse transcriptase (Invitrogen) and random primers. rpS14, Act1, Pgk1 and U2 cDNAs were then amplified by PCR using TAQ polymerase (New England Biolabs) and specific oligos (see Supplementary Table S2 ).
IPs of translation-initiation factors
Cell extracts were prepared as reported above except that buffers used were replaced by the A200 buffer (20 mM Tris-HCl (pH 8.0), 5 mM MgAc, 0.2% Triton X-100, 150 mM NaCl, 1 mM dithiothreitol (DTT), 0.1 U/ml of RNasin (Promega) and protease inhibitors (Roche)). IPs and RNA extractions were performed as already described (Dez et al, 2004; Lebaron et al, 2005; Yarunin et al, 2005) .
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Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
